" Protiated and deuterated crystals of 1-(diaminomethylene)thiouron-1-ium tartate were obtained. 
a b s t r a c t
The protiated single crystals of bis[1-(diaminomethylene)thiouron-1-ium] tartate hemihydrate were grown using a solution growth technique. The deuterated single crystals of [1-(diaminomethylene) thiouron-1-ium] tartate(À) were obtained by threefold recrystallisation of protiated crystals. The protiated and deuterated compounds crystallise in the non-centrosymmetric space groups P2 1 2 1 2 and P2 1 of the orthorhombic and monoclinic systems, respectively. The conformation of the 1-(diaminomethylene)thiouron-1-ium cation in both structures is very similar and is almost planar. The double deprotonated tartate(2À) dianion in protiated crystals exhibits C 2 symmetry, while tartate(À) monoanion in deuterated crystals has C 1 symmetry. The oppositely charged components of the crystals, i.e. 1-(diaminomethylene)thiouron-1-ium cation and tartate(2À) dianion in protiated and 1-(diaminomethylene)thiouron-1-ium cation and tartate(À) monoanion, interact via different hydrogen bonding motifs: R (6) in deuterated crystals forming 2:1 and 1:1 supramolecular complexes. These supramolecular complexes interact each other via NAHÁ Á ÁO or OAHÁ Á ÁO hydrogen bonds forming the 2D-layered structures. Both compounds were also characterised by IR-spectroscopy. The SHG efficiency relative to potassium dihydrophosphate (KDP) was found to be 0.77 and 0.82 for protiated and deuterated crystals, respectively.
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Introduction
Non-covalent intermolecular interactions are of fundamental importance for understanding of molecular recognition and selforganisation in supramolecular chemistry and biology [1] [2] [3] . The directional strong hydrogen bonds OAHÁ Á ÁY and NAHÁ Á ÁY (Y@O, N) between the molecules containing complementary array of the hydrogen bonding sites play an important role in molecular arrangement in solids [4] [5] [6] [7] [8] .
The commercially available 2-imino-4-thiobiuret (Aldrich, CAS No. 2114-20-05) is in the fact the tautomeric form of 1-(diaminomethylene)thiourea as has been shown by the X-ray single crystal analysis [9] . Both tautomers are already considered to be useful building blocks in crystal engineering, since they contain active hydrogen bonding sites. The 1-(diaminomethylene)thiourea contains the basic N atom with the lone-pair of electrons that can accept the proton forming positively charged cation, which with the oppositely charged units forms salts with the extended hydrogen bonded networks in solids [10] [11] [12] [13] [14] [15] [16] . Several materials based on the acid-base ionic and directional hydrogen-bonding interactions exhibit non-linear optical properties due to the relatively strong hyperpolarisability of the base-organic part of the crystals [17] [18] [19] [20] [21] .
To explore the possibility of the 1-(diaminomethylene)thiourea to form new materials with the extended hydrogen-bonding patterns in solid with the non-linear optical properties (NLO), we investigate the supramolecular motifs in the crystal of bis[1-(diaminomethylene)thiouron-1-ium] tartate(2À) hemihydrate and the deuterated 1-(diaminomethylene)thiouron-1-ium tartate(À). Both materials were also characterised by the vibrational spectroscopy.
Experimental
All materials were commercially available and used as received. Elemental analysis was carried out with a Perkin-Elmer 240 elemental analyser.
Preparation of bis[1-(diaminomethylene)thiouron-1-ium] tartate hemihydrate
Commercially available 2-imino-4-thiobiuret (amidinothiourea, Aldrich, CAS No. 2114-02-05, purity of 99 %), which is in fact the tautomeric form 1-(diaminomethylene)thiourea and L-tartaric acid (Aldrich, purity of 99.5%) were added to hot water in a molar proportion of 2:1. When the solution became homogeneous it was cooled slowly and kept at room temperature. was prepared by the usual reaction with heavy water. The crystals of bis(1-(diaminomethylene)thiouron-1-ium) tartate hemihydrate were dissolved in heavy water, and were left in the atmosphere saturated with heavy water for 1 week in order to avoid the contamination of the crystals. Then the procedure was repeated twice. The obtained deuterated 1-(diaminomethylene)thiouron-1-ium) tartate crystallises in the non-centrosymmetric space group (P2 1 ) of monoclinic system.
X-ray data collection
X-ray intensity data for the crystals were collected using graphite monochromatic Mo Ka radiation on a four-circle j geometry KUMA KM-4 diffractometer with a two-dimensional area CCD detector. The x-scan technique with Dx = 1.0°for each image was used for data collection. The 930 images for six different runs covering over 99% of the Ewald sphere were performed. The unit cell parameters were refined by the least-squares methods. One image was used as a standard after every 50 images for monitoring of the crystal stability and data collection. No correction on the relative intensity variations was necessary. Data collections were made using the CrysAlis CCD program [22] . Integration, scaling of the reflections, correction for Lorentz and polarisation effects and absorption corrections were performed using the CrysAlis Red program [22] . The structures were solved by the direct methods using SHELXS-97 and refined using SHELXL-97 program [23] . The hydrogen atoms were located in difference Fourier maps and were refined. The final difference Fourier maps showed no peaks of chemical significance. Details of the data collection parameters, crystallographic data and final agreement parameters are collected in Table 1 . Visualisation of the structure was made with the Diamond 3.0 program [24] . Selected geometrical parameters are listed in Table 2 and the geometry of hydrogen bonding interactions are collected in Table 3 .
Vibrational spectra measurements
The vibrational measurements were carried out at room temperature. The Fourier transform infrared spectrum was recorded from Nujol mulls between 4000 and 400 cm À1 on a Bruker IFS 113 V FTIR.
Second harmonic generation (SHG)
Second harmonic generation properties were measured for the solid state samples at the fundamental wavelength (1064 nm) of a Q-switched Nd:YAG laser using the modified Kurtz-Perry method [25] .
Thermal measurements
Thermal analysis was carried out on a Linseis L81 thermobalance apparatus with Pt crucibles. Powdered Al 2 O 3 has been used as a reference. The measurements have been performed under static air atmosphere on heating from room temperature to 120°C at the heating rate of 5°C min À1 .
X-ray powder diffraction measurements
The rest of the samples left after thermogravimetric analyses were checked on a STOE powder diffractometer equipped with a linear position detector (PSD) [26] using Cu Ka 1 radiation (k = 1.540562 Å) at room temperature.
Results and discussion
Good quality single crystals of bis[1-(diaminomethylene)thiouron-1-ium tartate hemihydrate suitable for the X-ray analysis were obtained from water solution at 25°C. The deuterated D 10 crystals
were obtained by threefold recrystallisation of bis(1-(diaminomethylene)thiouron-1-ium) tartate hemihydrate from heavy water. However, the deuterated D 10 crystals, in contrast to the orthorhombic protiated crystals, are monoclinic. The X-ray single crystal analysis of the protiated crystal shown that the both carboxyl groups of the tartaric acid are deprotonated ( Fig. 1 ). In addition, the X-ray analysis revealed that only a half of the deprotonated tartate(2À) anion is independent, since it lies on the twofold symmetry axis. The water molecule also lies on the twofold symmetry axis. In the deuterated D 10 crystals, as shown in the X-ray analysis, only one of two carboxyl groups of the tartaric acid is deprotonated, and it lies in the general position ( Fig. 2 ). In the protiated crystal the oppositely charged units, i.e. 1-(diaminomethylene)thiouron-1-ium cation and tartate dianion interact via three NAHÁ Á ÁO hydrogen bonds forming bis[1-(diaminomethylene)thiouron-1-ium] tartate molecular complex (Fig. 3) . Whereas in the deuterated D 10 crystals the 1-(diaminomethylene)thiouron-1-ium cation interacts with tartate monoanion via six different NAHÁ Á ÁO hydrogen bonds with a three graphs of R 2 1 (5) and two graphs of R 1 2 (6) forming the 1:1 supramolecular motif (Fig. 2) .
The conformation of the 1-(diaminomethylene)thiouron-1-ium cation in both crystals is only slightly deviated from a planar configuration. Both arms of the cation are slightly oppositely rotated around the CAN bonds involving the central N1 atom. The dihedral angle between the N1/C1/S1/N2 and N1/C2/N3/N4 planes is equal to 2.5(2)°and 1.6(2)°in the protiated and deuterated crystals, respectively. The rotation of the arms around the CAN1 bonds in both structures is significantly smaller than that in the crystal of neutral 1-(diaminomethylene)thiourea molecule (22.2(1)°) [9] . Protonation of the neutral 1-(diaminomethylene)thiourea molecule causes a reduction in the steric effect of the lone pair of electron at the central N1 atom. The non-planar conformation of the neutral 1-(diaminomethylene)thiourea molecule and its protonated cation is also observed in the gas-phase structures as show by the ab initio molecular orbital calculations: 6.2°in the neutral molecule and 4.2°in the cation [9, 11] . The currently available data on 1-(diaminomethylene)thiouron-1-ium salts show that the cat-ion twisting conformation may differ when different anions are used and dependent on the hydrogen bonding. For example, the greatest twisting angle is observed in 1-(diaminomethylene)thiouron-1-ium chloride (22.9(1)°) and bromide (15.2(1)°) [11] . In the other known salts the twisting angle ranges from 1.4(1)°in perchlorate to 9.8(1)°in hydrogen sulphate [10] . The C1AS1 bond (Table 2 ) in both structures is slightly longer than the typical C@S double bond as observed in the thioformaldehyde CH 2 C@S (1.6019(8) Å) [27] , which represents 100% double bond character, and is shorter than the value of $1.74 Å as observed is several thiolate anions that represent 50% double bond character [28] . Thus in the present structures the bond order of C1AS1 bond is intermediate between 2 and 1.5. The three CAN bond lengths linking the amine groups are shorter by $0.07 Å than the CAN bonds involving the central N1 atom (Table 2 ). The planarity of the amine groups points to the sp 2 hydridisation of the p orbitals of the nitrogen atoms. This indicates that the lone pair of electrons occupies the p orbital. In addition, the p orbitals of the C, S and N1 atoms forming the p bond of the C1AS1 and C2AN1 double bonds could be delocalised over the CAN bonds linking the amine groups, due to symmetry of the p orbitals. In result the shortening of the CAN bonds linking the amine groups and elongation of the C CAN bonds involved the central N1 atoms are observed. The conformation of the anionic part of the crystals, i.e. tartate(2À) dianion in protiated and tartate(À) monoanion in the deuterated crystal is different. In protiated crystal the torsion angle of the carbon chain C3AC4AC4 i AC3 i is equal to À175.1(2)°, and the anion exhibits the C 2 symmetry. In deuterated crystal the symmetry of the tartate(À) monoanion is C 1 and the torsion angle describing the conformation of the carbon chain C3AC4AC5AC6 is equal to 165.7(2)°. The deprotonated COO À group lies in the plane of C3/C4/O3 (the torsion angle O2AC3AC4AO3 = 0.5(2)°), while the non-dissociated COOD (D = deuter, in deuterated crystal) is inclined by 8.9(2)°to the respective C6/C5/O5 plane (the torsion angle O8AC6AC5AO5 = 8.9(2)°). In the protiated crystal due to C 2 symmetry of the tartate(2À) dianion the COO À groups are inclined to the respective C3/C4/O3 and symmetrically equivalent planes by 6.1(2)°. A similar conformation of the carbon chain is observed in the crystal of (+)-tartaric acid, the respective torsion angles are À175.4(1)°and 4.8(1)°for the CACACAC chain and for OACACAO describing the orientation of the both COOH groups in relation the plane [29] . 
2 where a = 0.022 and a = 0.021 for 1 and 2, respectively, and P ¼ ðF The hydrogen bonding pattern involving the tartate(2À) or tartate(À) anions is considerably different. In protiated crystals the tartate(2À) dianion interacts with two 1-(diaminomethylene)thiouron-1-ium cations via two pairs of different motifs. One of them is R 2 2 (8) that is formed by donation to the COO À group from amine and imine groups of the 1-(diaminomethylene)thiouron-1-ium cation. The other motif is R 1 2 (6) is formed by donation of amine and imine groups to the one oxygen atom (O2) of the carboxylate group. These motifs link the tartate(2À) dianion with two cations forming bis(1-(diaminomethylene)thiouron-1-ium) tartate supramolecular complex (Fig. 3 ). These 2:1 supramolecular complexes related by a translation along the c-axis and b-axis interact via two pairs of NAHÁ Á ÁO hydrogen bonds forming two-dimensional layer aligned parallel to the (1 0 0) crystallographic plane (Fig. 4) . The presence of the sulphur atom in the 1-(diaminomethylene)thiouron-1-ium cation raises the question of whether there are hydrogen bonds with the S as an acceptor, although the importance of such interactions has been questioned [30] . Nevertheless, there are authors motivated by the high content of sulphur in biological systems who claim to utilise the DAHÁ Á ÁS interactions (D = donor) in the crystal engineering. The NAHÁ Á ÁS interactions have been utilised for design supramolecular arrangement of thiourea derivatives [31] . Thus such NAHÁ Á ÁS intramolecular interactions seem to be present in the bis[1-(diaminomethylene)thiouron-1-ium] tartate structure (Table 3) . Besides, the NAHÁ Á ÁS intramolecular interactions, the weak NAHÁ Á ÁS intermolecular interactions in the present structure are also exist. These weak NAHÁ Á ÁS intermolecular interactions link the 2D-layers forming a three-dimensional network. In the 2D-layers, the one dimensional channels with the solvated water molecules along the b-axis are observed (Fig. 4) . The water molecules are relatively weak interact with the layers and they can be easy removed from the crystalline structure at $95°C. The weight loss of $2.3% was registered by the thermogravimetric analysis and is in agreement with the loss of water molecules form the crystal (2.28%). After TG analysis the crystals were not suitable for the single crystal X-ray analysis. However, the lattice parameters obtained by the X-ray powder diffraction technique do not change significantly (orthorhombic, a = 25.362, b = 4.886 and c = 6.663 Å), therefore we suppose that the layered structure is preserved.
In the deuterated crystal the tartate(À) monoanion interacts with 1-(diaminomethylene)thiouron-1-ium cation via five hydrogen bonding motifs. Three of them are R (Fig. 5) . In all hydrogen bonding motifs in the structure the H atoms are involved in the bifurcate hydrogen bonds. In the deuterated crystal the tartate(À) monoanions, in contrast to the tartate(2À) dianions in the protiated crystals in which they are Table 3 Hydrogen-bond geometry (Å,°). (2) 1.65(2) 2.542 (2) 174 (2) a Symmetry codes: showing displacement ellipsoids at the 50% probability level. (20) hydrogen bonding motif is formed by four OAHÁ Á ÁO hydrogen bonds. Two of them are formed between the hydroxyl groups as donors and O2 and O8 atoms of COO À and COOH groups as acceptors, and the other two are formed between the COOH groups as donors and the COO À groups as acceptors between the tartate(À) anions related by a screw axis. The arrangement of the oppositely charged units, 1-(diaminomethylene)thiouron-1-ium cations and tartate(À) monoanions, is mainly determined by the ionic and directional OAHÁ Á ÁO and NAHÁ Á ÁO hydrogen bonds and to a lesser degree by the van der Waals forces forming a layered structure (Fig. 6) . The neighbouring 2D-layers interact via van der Waals forces and by weak NAHÁ Á ÁS hydrogen bonds.
The second harmonic generation properties were measured on crystalline samples that were irradiated at 1064 nm and the second harmonic beam power diffused by the samples at 532 nm were measured as a function of the fundamental beam power. The SHG efficiency relative to KDP was found to be 0.77 and 0.82 for protiated and deuterated D 10 crystals, respectively.
The FT-IR spectra of bis[1-(diaminomethylene)thiouron-1-ium] tartate(2À) hemihydrate and the deuterated 1-(diaminomethyl- The bands corresponding to the vibration of the functional groups were identified with the aid of infrared correlation charts [32, 33] . In addition, the spectra are compared with the spectra of 1-(diaminomethylene)thiourea [15] and of tartaric acid [34] [35] [36] as well as of tartate(2À) and tartate(À) salts [37] [38] [39] [40] [41] [42] . The title compounds have several functional and skeletal groups such as three NH 2 (or ND 2 ) C@S, CANAC, NACAN and NACAS groups in the cation and COO À , (COOD), OH or OD, CAC, CACAC and CAH in the anion. The tartate(2À) dianion in protiated crystals has C 2 symmetry, while the tartate(À) monanion in deuterated crystals exhibits lower symmetry (C 1 ), and the splitting of the vibrations modes is expected. A careful inspection of the IR spectrum (Fig. 8) shows medium-strong intensity bands in the spectral range of 3500 and 3000 cm À1 that can be attributed to the asymmetric and symmetric stretching of three NH 2 groups of the 1-(diaminomethylene)thiouron-1-ium cation as well as to stretching vibration of hydroxyl groups of tartate(2À) dianion and the hydrated water molecule. These bands, as expected, are shifted in the IR spectrum of deuterated sample (Fig. 8) to the spectral region of 2600-2200 cm
À1
. The strong narrow band at 1709 cm À1 in the IR spectrum of protiated sample is assigned to the stretching of imine bond of the cation, since a similar band is observed in some imines and their salts [43] . In addition, the band of imine group of the deuterated sample is shifted, as expected, to the 1263 cm À1 (Fig. 8) . The X-ray data reveal that the all NH 2 groups of 1-(diaminomethylene)thiouron-1-ium cation in the protiated crystals are involved in the NAHÁ Á ÁO hydrogen bonds with NÁ Á ÁO distances ranging from 2.697(2) to 3.072(2) Å. This reveals as a broad band at $2700 cm À1 , which is shifted to $1900 cm À1 in the spectrum of deuterated crystals in which the amine groups ND 2 are involved in the NADÁ Á ÁO hydrogen bonds with NÁ Á ÁO distances ranging from 2.891(2) to 3.216(2) Å. Additionally, the broad band in the region of 1400-1100 cm , respectively, which can be also found in the spectrum of deuterated crystals (Fig. 8) . The m(C@S) band of the 1-(diaminomethylene)thiouron-1-ium cation, similar as in thiourea, is observed at $730 cm À1 in both samples, while in several thiourea metal complexes the m(C@S) band is observed in the range 715-700 cm À1 [44] . The observed frequencies of the most prominent bands and their assignments for the protiated and deuterated samples are listed in Table 4 . 
Conclusion
The protiated single crystals of bis[1-(diaminomethylene)thiouron-1-ium] tartate(2À) hemihydrate were grown using a solution growth technique. The oppositely charged units, i.e. 1-(diaminomethylene)thiouron-1-ium cation and tartate dianion interact via two pairs of almost linear NAHÁ Á ÁO hydrogen bonds with a graphs of R 
